Reversion treatments are a way to improve the mechanical response of metastable austenitic stainless steels by means of grain refinement. To effectively apply those treatments, the steel must be previously deformed to induce a significant amount of martensitic transformation. In this work, the effect of reversion treatments was studied on a commercial AISI 301LN grade subjected to an industrial cold rolling process, with thickness reductions not higher than 40 pct. Microstructural changes and evolution of both monotonic and cyclic mechanical properties were investigated after cold rolling and upon reversion treatments. Results revealed that the finer austenitic microstructure obtained after reversion leads to an interesting combination of properties, with strong increments in hardness and yield strength, and also fatigue limit improvement, as compared to the initial annealed condition.
I. INTRODUCTION
IN the past years, the demand for lightweight vehicles in order to reduce fuel consumption and also contaminant emissions has created interest in new materials to replace the classical carbon steel grades. [1] Austenitic stainless steels are presented as potential candidates for structural parts due to their excellent formability, weldability, and work hardening properties together with high corrosion resistance and high energy absorption capabilities. The main drawback is their relative low yield strength. It is well known that the addition of nitrogen is a way to improve mechanical properties by solid-solution strengthening. [2, 3] Nevertheless, there is a limit for nitrogen solubility and problems with hot ductility may also appear. Strengthening by grain refining from dynamic recrystallization is another strengthening path, but severe deformations and high recrystallization temperatures are required. [4] Among the austenitic stainless steels, those with thermodynamically metastable austenite at room temperature can be strengthening by grain refining applying thermo-mechanical processes. The procedure involves cold deformation of austenite to form strain-induced martensite followed by short annealing to revert the martensite into austenite. The amount of martensite created depends on processing parameters such as temperature and deformation rate, [5] as well as on the steel composition. [6, 7] Numerous investigations have shown that ultrafine and even nanograined austenite microstructures obtained from heavy cold rolling shows an excellent combination of mechanical strength and ductility [8] [9] [10] and also excellent fatigue strength [11] together with a higher corrosion resistance as compared with cold-rolled steel. [12] AISI 301LN austenitic stainless steel is one of the commonly used stainless steel grades for light vehicles due to its excellent combination of formability and corrosion resistance. Thanks to its capability to transform to martensite under deformation; earlier studies have demonstrated that grain refinement up to ultrafine-grained austenite is feasible by means of reversion treatments. Those studies applied severe cold rolling deformation (45 to 77 pct of thickness reduction) to achieve final improvements in strength, ductility, and fatigue behavior. [13] [14] [15] [16] On the other hand, a recent work carried on by Huang et al. [17] studied the effect of annealing temperature and time on the grain size of reversed austenite from 5 to 70 pct of strain-induced martensite obtained by advanced thermo-mechanical process, where cold rolling proceeds at 273 K (0°C). Nevertheless, some authors [18, 19] have noticed that the large amount of plastic deformation necessary for grain refinement requires special procedures to be efficient and that the resulting microstructure presents large variation in morphology which causes significant scatter in mechanical properties. In this sense, the present work is focused on conventional industrial process concerning the effect of cold rolling with a thickness reduction not higher than 40 pct range where no observations or data have been published to the authors' knowledge. Correlation between microstructure and mechanical properties before and after reversion has been performed regarding 10, 20, and 40 pct cold-rolled samples. Microstructural evolution was analyzed by field emission scanning electron microscopy (FESEM) and electron back-scattered diffraction (EBSD) and mechanical properties evaluated by tensile testing, hardness, and also high-cycle fatigue (HCF) tests.
II. EXPERIMENTAL PROCESS
The experimental material was a commercial AISI 301 LN austenitic stainless steel (corresponding to standard EN 1.4318) provided by OCAS NV, Arcelor-Mittal R&D Industry Gent (Belgium). The chemical composition achieved by UV-Vis spectroscopy on a sample of the studied steel randomly selected was (in wt pct): Fe-0.03C-17.36Cr-7.18Ni-1.68Mn-0.23Mo-0.55Si-0.14N. Sheets of 1.5 mm in thickness were supplied in four different conditions: the steel named AR was subjected to cold rolling, annealing, and pickling. The cold rolling was carried out following 12 passes to achieve a thickness reduction of 75 pct. Then, the steel was annealed at 1323 K to 1353 K (1050°C to 1080°C) for 10 minutes to recrystallize the deformed microstructure. All oxide scales were removed by passing the strip through several consecutively mixed acid pickling baths, and then finished off with high pressure water rinsing. The three other conditions had an additional last cold rolling step performed to achieve different percentages of martensite. The thickness reductions were 10, 20, and 40 pct, for S1, S2, and S3 conditions, respectively.
Considering previous results, [20] the annealing for the complete reversion to austenite microstructure was carried out at 1023 K (750°C) for 10 minutes. Samples subjected to this treatment are called RS1, RS2, and RS3, respectively.
Microstructural characterization was performed on the rolling plane. For optical microscopy observations, an Olympus LEXT light optical microscope was used with confocal laser scanning mode. Samples were ground and polished up to 1 lm and then electro-polished with 65 pct nitric acid solution at 12 V in order to remove martensitic transformation induced during surface preparation. Electro-etching at 1.5 V with the same solution revealed austenitic grains. 15 images of each studied steel condition were randomly selected and characterized by image analysis in order to determine the average grain size.
The phase components were identified by X-ray diffraction with Copper radiation on a Bruker D8 Advance equipment. Determination of martensite content was carried out by the method corresponding to reference intensity ratio (RIR), according to ASTM E975-03. [21] This method allows determining the mass fractions of austenite and martensite using Eq. [1]
where X a ¢ and X c are the mass fractions of a¢-martensite and c-austenite, respectively; RIR c and RIR a ¢ are their respective RIRs; I observed and I reference are the observed and the reference intensities. [21] EBSD scans were performed in a JSM-7001F FESEM equipped with Channel 5 system (HKL Technology), operating at 20 kV with samples tilted at 70 degrees. EBSD measurements were performed at 50 nm of scanning steps with beam currents of 9 nA.
Vickers hardness was measured with a MKV-HO de Akashi tester using a 0.1 kg load. Ten indents were carried out for each steel condition in order to determine the average hardness value. Nanoindentation tests were performed by a MTS Nanoindenter XP instrument equipped with continuous stiffness measurement modulus. The characterization was performed with a Berkovich tip indenter and the mechanical integrity, in terms of hardness and elastic modulus, was analyzed using the Oliver and Pharr method. [22, 23] The indenter shape was carefully calibrated with a fused silica standard sample. Tests were carried out at a constant deformation rate of 5 9 10 À2 s À1 . The mechanical response for each specimen was assessed as the average behavior of 25 indentations, organized in a regularly spaced 5 by 5 array, at 500 nm penetration depth. A constant distance between each imprint of 50 lm was kept in order to avoid any overlapping effect.
Tensile testing was carried out at room temperature using an INSTRON 8562 computerized universal testing machine according to ASTM E 8-04, [24] at a strain rate of 4 9 10 À3 s À1 . Yield strength (r 0.2 ), ultimate tensile strength (r UTS ), and ductility were measured for all studied steel conditions with samples were machine aligned to rolling direction. Regarding ductility, percent elongation (A pct) was computed considering the maximum elongation of the gage length divided by the original gage length (25 mm). In order to determine the amount of martensite formed during tensile tests, interrupted tests were performed at 30, 60, and 90 pct of the total elongation, and samples were extracted for X-ray diffraction determination.
Considering the tensile properties, a fatigue testing procedure was stated. It consisted of starting the tests by applying a maximum load (r max ) of 50 pct of the ultimate tensile strength of the corresponding steel condition and afterwards, if the specimen was able to reach 10 6 cycles without fail, r max was increased 10 pct, and so on until fracture, following a staircase method. [25] The value of the fatigue limit was determined using the method proposed by Grove and Campean. [26] Flat fatigue samples with hour-glass shape ( Figure 1 ) were laser machined from the steel sheets. As in the case of tensile samples, load axis coincided with the rolling direction. Tests were conducted under load control in a resonant testing machine Rumul Mikroton, working at frequencies around 150 Hz. The imposed stress ratio (R = r min /r max ) was 0.1. Before tests, samples were grinded and polished at the sides and corners up to the same roughness of the sheet surface (R a = 0.18 ± 0.02 lm) in order to avoid premature fracture due to laser cutting defects as demonstrated by the authors in a previous study. [27] It was shown that laser beam produces a significant increase of edge roughness due to overlapping of molten steel which causes a strong reduction of fatigue limit. On the other hand, microstructural changes due to laser heat were not discerned.
III. RESULTS AND DISCUSSION
A. Microstructural Analysis Figure 2 shows the X-ray diffraction patterns of the studied samples. It can be seen that no peaks related to e-martensite were detected even for the minor reduction. The fact that e-martensite consists of overlapping stacking faults [17, 28] implies very low intensities so that it was not identified by this technique. On the other hand, at increasing cold rolling reduction, austenite peaks gradually decreased due to the transformation to a¢-martensite, whose volume fraction is given in Table I . It has to be mentioned that martensite volume content may differ depending on the technique used, [29, 30] in the case of X-ray diffraction, measurements are affected by texture. Stacking fault energy (SFE) plays a very important role in the deformation mechanisms. In general, a lower SFE makes dislocation cross-slip more difficult, resulting in less dislocation mobility and promoting martensitic phase transformation. Using the equation suggested by Schramm and Reed [31] (Eq. [2] ), the SFE of this steel results equal to 11.2 mJ/m 2 . SFE values for the most common austenitic stainless steels series AISI 300 [32] are in the range from 9.2 to 80.3. Therefore, the studied 301LN displays a low value, and as a consequence deformation of induced martensite increases significantly with cold rolling reduction.
The microstructure of the AR condition shows equiaxial austenitic grains (average grain size of 11.7 ± 4.1 lm) randomly oriented with twins created during annealing treatment (Figure 3 ). For cold-rolled samples, progressive formation of slip bands can be observed in addition to martensitic transformation ( Figure 4 ). a¢-martensite nucleates mainly at shear bands intersections and grain boundaries for S1 samples, even though it extends rapidly across the entire grain at increasing cold rolling reductions (S2 and S3), Figure 5 . There was no evidence of the presence of e-martensite even for the minor cold rolling reduction. It has to be considered that the analyzed microstructures were not completely resolved by EBSD. As it is well known, highly deformed grains cannot be reliably indexed using this technique as Roa et. al. [33] observed for TWIP steels, and in some areas it was not possible to distinguish between slip bands in austenite and martensite.
After reversion treatments no peaks of a¢-martensite were detected, even for the samples coming from the steel condition with the highest percentage of this phase, i.e., RS3. Microstructural characteristics after reversion depend on the prior percentage of cold rolling reduction. Small amounts of pre-existing martensite (9 ± 3 pct), led to a slight reduction on the average grain size, up to 8.8 ± 2.9 lm, compared to 3.8 ± 1.9 and 2.3 ± 1.5 lm achieved for martensite contents of 28 and 38 pct, respectively. In this regard, conventional industrial cold rolling process does not allow reducing grain size such as severe cold rolling and advanced thermomechanical process, where microstructure becomes ultrafine-grained (<100 nm) and even nanocrystallined (<50 nm). [8, 10, [13] [14] [15] 17] The wide grain size distribution observed for samples RS2 and RS3 ( Figure 6 ) points out that austenite recrystallization takes place in various types of nucleation sites, as demonstrated by Rajasekhara et al. [10] This feature is typical of diffusion-type reversion mechanisms, in contrast with shear-type reversion mechanism where nucleation is time-independent and no austenite grain growth is observed.
B. Monotonic Mechanical Properties
It is well known that mechanically induced martensite can enhance mechanical properties. [34] [35] [36] [37] [38] [39] As demonstrated by the data in Figure 7 , the higher the percentage of martensite, the higher the values of yield stress, ultimate strength, and hardness. It is important to point out that even for low amounts of pre-existing martensite, a relevant yield stress increase was observed. This becomes clear when yield stress values of AR and S1 samples are compared, the presence of 9 pct of preexisting martensite leads to an increase from 360 to 650 MPa. On the other hand, the gap between yield stress and ultimate tensile strength becomes narrower as the cold rolling reduction rises, i.e., the as-received steel condition displayed a ratio of 0.42 which increased up to 0.97 at cold reduction of 40 pct.
Significant discrepancy still exists in explaining the strengthening mechanisms of metastable austenitic stainless steels and, in concrete, the effect of the strain-induced a¢-martensite phase. Since the highly dislocated a¢-phase is much harder than the austenite, some authors [40, 41] consider austenite-martensite mixtures as composites of soft austenitic matrix with hard martensite dispersion. Spencer et al. [42] demonstrated that martensite sustains a clearly higher stress than austenite, concluding that a¢-martensite acts as the reinforcing phase. In that sense, studies developed by Narutani et al. [43] for an AISI 301 steel concluded that for high martensite contents (>20 pct), the strengthening was related to the hardening effect of the martensite by itself, while below this content, the formation of a¢-martensite strengthens the steel by accelerating the dislocation generation in austenite. This effect was attributed to the accommodation of the volume expansion related to the transformation. Moreover, not only the influence of a¢-martensite, but also the austenite strengthening, plays an important role on mechanical properties. As shown in Figure 8 , nanoindentation measurements performed on austenitic grains revealed the effect of strain-hardening as increasing cold rolling reduction. The average hardness value displayed for the annealed condition (AR) was almost 50 pct lower than for cold-rolled sample S3.
Combined contribution of rising martensite transformation and austenite hardening causes a reduction of plastic deformation. As it can be observed in Figure 7 (d), the ductility is inversely proportional to the initial amount of martensite. Numerous studies have focused on understanding the TRIP effect. The most widely accepted interpretation [44] [45] [46] [47] is that not only the total amount of induced martensite is significant, but also the rate of transformation for a given plastic strain and at which point it takes place, are the factors that govern the ductility. The evolution of martensite transformation shown in Figure 9 demonstrates the validity of this interpretation. In this sense, for sample S2, whose initial martensite content was 28 pct, transformation occurs rapidly in comparison with AR, resulting in abrupt work hardening and, consequently, premature fracture.
Significant differences can be observed concerning fracture surfaces of tensile tested specimens. AR showed high density of dimples, generally associated with high plastic strain typical of ductile fracture (Figure 10(a) ). For increasing pre-existing a¢-martensite, fracture aspect is progressively shifting towards brittle (Figure 10(b) to (d)), with faceted areas and microcracks clearly distinguished. Assuming that the inclusions volume fraction is constant and at a very low level, the main embrittlement mechanisms are expected to be decohesioned at the austenite-martensite interface or separation of adjacent islands and localized deformation of martensite. Figure 11 shows the effect of reversion treatments on the mechanical properties. It is important to point out that even small amount of pre-existing martensite (RS1) influences mechanical properties in such a way that yield strength achieves values higher than 40 pct comparing with untreated samples (AR) and with similar ductility.
In this sense, it is clear that the smaller the grain size (corresponding to the steel conditions with high percentage of pre-existing martensite, RS2 and RS3) the higher the strength and the hardness. However, the ductility of the RS3 condition still displays at least 50 pct less ductility than AR samples. Detailed analysis of fracture surfaces reveals that, although RS3 presented large number of small dimples compared to AR (Figure 12 ), which it is known to increase ductility, microcracks and cracks randomly distributed on surface fracture were identified ( Figure 13 ). These microcracks were also observed in cold-rolled samples S3. In this regard, it was assumed that contents of pre-existing martensite from cold rolling were still present in RS3 samples, i.e., incomplete a¢ fi c transformation phase took place during reversion treatments. Thus, for samples cold rolled at 40 pct thickness reduction (S3), it is necessary to apply higher temperatures or extend holding time to achieve fully austenitic microstructure.
It is well known that yield stress and hardness of a metallic material increase with decreasing grain size. In particular, the empirical Hall-Petch equation has been found to express this grain-size dependence. [48, 49] Figure 14 clearly shows this inverse relationship, i.e., both yield strength and hardness increase linearly when d À1/2 goes from 11.7 lm, corresponding to the untreated steel (AR), up to 2.3 lm, value achieved after reversion treatments (RS3). These results are consistent and complement those shown by Huang et al. [28] which demonstrated that the Hall-Petch relationship for AISI 301LN held well down to 0.74 lm of mean austenitic grain size, while measurements on AISI 301 displayed deviation at about 3 lm grain size. [6] C. Fatigue Tests Studies on the fatigue response of metastable stainless steels report different behaviors depending on the testing conditions. [50] [51] [52] [53] [54] The formation of martensite during deformation is known to be harmful in the low cycle fatigue regime, i.e., under strain-control, while a small amount of martensite can be beneficial in the HCF regime.
A previous paper presented by the authors [55] demonstrated the possibility of improving the fatigue life of a metastable austenitic stainless steel by inducing martensitic transformation via torsion deformation previously to the HCF tests. In the present study, a similar trend was observed for cold-rolled samples S2 and S3. As shown in Table II , fatigue limits corresponding to those steel conditions are significantly higher in comparison with fully austenite microstructure (AR). After fatigue tests, X-ray diffraction patterns ( Figure 15 ) revealed that a¢-martensite increased up to 44 pct when the initial microstructure is fully austenitic (AR), while the amount created for the steel condition with a 28 pct of pre-existing martensite (S2) grew up 50 pct. As a result, significant differences were found regarding surface roughness associated with c fi a¢ transformation, i.e., 0.325 ± 0.018 lm and 0.198 ± 0.021 lm for AR and S2, respectively, compared with values lower than 0.1 lm before fatigue tests. These results are in 5704-VOLUME 46A, DECEMBER 2015agreement with several studies which have pointed out that volume expansion associated with the martensitic transformation lead to the components distortion, dimensional changes, and even failure under extreme working conditions. [56, 57] Moreover, authors demonstrated in a previous study carried out on the same steel grade, [58] that the amount of martensite formed during the first cycles of fatigue tests remains almost stable and martensite plates grow in height but neither in width nor in length. In this sense, it is assumed that higher roughness induces fatigue nucleation sites which dramatically influence fatigue behavior. In this regard, AR samples display higher ''fatigue sensitivity'' compared to S2 and S3. This parameter introduced by Fleck et al., [59] is defined as the ratio between the maximum stress that the specimen is able to reach after 10 6 cycles without fail and the ultimate tensile strength [1 À (r max /r UTS )]. Fatigue sensitivity ranges from 0 to 1, so values closer to 0 indicate less sensitivity to fatigue. In that sense, results shown that at increasing percentage of pre-existing martensite, i.e., S1 to S3, fatigue sensitivity progressively decreases becoming half of the value displayed for the fully austenitic steel (AR).
Grain size refinement achieved by reversion treatments led to fatigue limits clearly higher than the value corresponding to AR condition, Table III . This effect was more pronounced for samples RS2 and RS3, but even for the steel condition with the lowest percentage of pre-existing a¢-martensite (RS1) an increase of 12 pct on fatigue limit was measured. This is consistent and (a) (b) complements earlier investigations [16, 60] carried on reverted AISI 301LN steel with higher percentages of pre-existing a¢-martensite (>80 pct) than those studied in this work. It was also observed that c fi a¢ phase transformation was significantly reduced at decreasing grain size. After fatigue tests, the amount of strain-induced martensite was close to 44 pct for the AR, while reverted samples (RS3) showed values not higher than 23 pct. As some authors have demonstrated, [61] [62] [63] basically two reasons can explain this behavior: the higher strength of fine-grained austenite which slows up the strain-induced martensite formation and the increasing of SFE due to grain refinement, taking into account that higher SFE means higher austenite stability.
Another important feature achieved by reverted austenite microstructure is the progressive reduction of fatigue sensitivity as grain size decreases (Figure 16 ). SEM analysis performed in plain view areas close to the fracture surface revealed the formation of intensive slip bands crossing the grains for the condition with bigger grain size (AR), Figure 17 , compared to RS3 samples where less density of slip bands was observed. This trait, even observed for ultrafine-grained and nanocrystalline microstructures, [15, 16] together with lower fatigue-induced martensite content at the samples surface and its corresponding volume expansion (as much as 4 pct) [64] [65] [66] was assumed to be critical to reduce crack nucleation sites and as a consequence fatigue sensitivity.
IV. CONCLUSIONS
The effect on microstructural characteristics and mechanical properties, both monotonic and cyclic, of the martensite induced by industrial cold rolling processes, with a thickness reduction up to 40 pct, was analyzed. Moreover, the influence of reversion heat treatments, that remove martensite and lead to a smaller austenitic grain size, was studied too. The following conclusions can be extracted concerning the influence of strain-induced martensite:
-No evidence of e-martensite was detected on the studied cold-rolled samples. The formation of a¢-martensite develops mainly at shear bands and increases progressively with the cold rolling reduction, but not linearly. -Small amounts of a¢-martensite, formed after 10 pct of cold rolling, increase more than 50 pct the yield stress, as compared with AR, whereas after 40 pct of cold working yield stress triplicates the initial one. -Cold rolling has a positive effect on the fatigue limit too. a¢-martensite formed by 10-pct cold rolling enhanced fatigue limit around 20 pct compared to AR. Higher cold working levels allowed values 60 pct higher.
With regard to the effect of reversion treatments, it can be stated that:
-Reversion treatments demonstrated to be a feasible way to obtain grain refinement, simultaneously avoiding the presence of martensite. The average austenitic grain size decreased by 25 pct for samples with 10 pct of cold working reduction, whereas 80 pct of grain refinement was reached after 40 pct of cold rolling. -Hall-Petch relationship between austenite grain size, yield strength, and hardness works well for reversed microstructures ranging from 0.29 to 0.66 lm. -Even for small amounts (less than 10 pct) of pre-existing martensite reversion treatments provided a significant increment (40 pct) on yield stress over the AR. -Upon reversion, enhanced fatigue limit, as compared to AR, was measured for specimens previously subjected to 20 pct and 40 pct of cold rolling reduction. On the other hand, less intensively rolled samples (only 10 pct of reduction) did not display a higher fatigue limit.
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